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Langmuir probe measurements in an inductively coupled plasma source
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(Received 16 September 1996

Measurements of the plasma potential, electron density, effective electron temperature, and electron energy
distribution function(EEDF have been performed with Langmuir probes in planar, electrostatically shielded,
low-pressure inductively coupled plasmas. The plasma source is a modification of the Gaseous Electronics
Conference RF Reference CHH. J. Hargiset al, Rev. Sci. Instrum65, 140(1994] with the upper electrode
replaced by a five-turn planar coil and a quartz vacuum interface. Four different rare(gasks, Xe, and
Ne), a He:Ar (96:4) mixture, and Q and N, were investigated. We found that with increasing ionization
potential of the rare gas the electron density decreases, while the effective electron temperature and the plasma
potential increase. Non-Maxwellian EEDFs were observed for all energies,fan®N, discharges as well as
for the rare gases above the energy range for elastic collisions. Spatially resolved measurements confirm that
the EEDF is determined by spatially averaged quantities instead of the local electric field.
[S1063-651%97)09003-X

PACS numbe(s): 52.80.Pi, 52.70.Ds, 52.70.Nc

[. INTRODUCTION better understanding of the physical and chemical processes
in parallel-plate reactors.

Recently there has been considerable research effort in the Recently Miller et al. [16] proposed a design for an in-
development of radio-frequencyf) inductively coupled ductively coupled plasma source for the GEC RF Reference
plasma(ICP) sources, especially for plasma processing apCell chamber by replacing the standard upper electrode as-
plications in the semiconductor industry. There is a need fofembly by a planar coil and a quartz vacuum interface. This
sources that operate at low press@el—5 Pa combined design, as in the case of the original GEC reactor, provides
with a high plasma density (18-10'2 cm™3) and a high satisfactory technical performance and excellent diagnostic
uniformity [1-4]. Low pressure has the advantage that due tG*CC€sSS.
fewer collisions in the plasma sheath, the etch anisotropy can The aim of this work is to provide data of important
be improved, while higher plasma densities lead to fastePlasma parameters such as the plasma potential, effective
processing. In capacitively coupled discharges high plasm@lectron temperature, electron density, and EEDF for this
densities can only be obtained by applying high powerstype of ICP cell for different rare gases as well as nitrogen
which are inevitably connected with high sheath voltagesind oxygen. The measurements were made using cylindrical
and therefore high ion energies, which can cause damage. k®#ngmuir probes. Although argon has the greatest applica-
contrast to this, the plasma in an ICP can be created with #on in plasma processing, the data for the other rare gases
low sheath voltage. The ion impact energy can be controlle@re useful for the general understanding of ICPs, which are
by an external rf bias app“ed to the wafer e|ectr@ﬂh also used for electrodeless Iamps in ||ght source technology.

A relatively simple method of ICP excitation consists of T0 our knowledge, data for planar coupled ICPs in neon and
using a planar, spiral coil coupling a rf field through a quartzxenon have not been published so far. In contrast to recent
window into the plasma chamber. In the recent past, a largublications where the results are presented as a function of
number of basic research papers utilizing this type of ICRhe total incident powef2,4,7,8, all our results are given as
have been published. These works include Langmuir prob@ function for the power dissipated in the plasfgs (also
measurements of ion densities, electron densities and terflenoted as “plasma poweJ."We believe that measurements
peratures, electron energy distribution functioiBEDFg  related toPg;s provide a better set of defined plasma param-
[5—10], dB/dt probe measurements of electric and magneticeters than those related to the total input power. This is es-
fields [11], and emission and laser spectroscopic measurdeecially true since the measurements may depend to a large
ments[12—14. Argon was used predominantly as the work- €xtent on the type and characteristics of the induction coil,
ing gas in these experiments and since the work was pefatching circuit elements, and transmission line.
formed by different groups worldwide, many different
reactor geometries and electrical circuits were used. Il. EXPERIMENTAL SETUP

Experience has demonstrated that experimental data from
low-temperature glow discharges have often been difficult to
compare when obtained by different research groups using A detailed sketch of the electrode region of the ICP for
different plasma reactors. To isolate the effects of reactothe GEC Reference Cell configuration has already been
geometry from other experimental variables, a reference regiven by Miller et al.[16], therefore, we will repeat only the
actor for parallel-plate capacitively coupled rf discharges, thenost important dimensiondi) the distance of the quartz
Gaseous Electronics Conferen@EC) RF Reference Cell window (thickness 9.5 mito the lower electrode is equal to
[15] was developed in the late 1980s and has led to a much0.5 mm,(ii) the diameter of the stainless-steel lower elec-

A. Discharge configuration
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trode plate is equal to 165 mrfiii ) and the inner diameter of
the cell chamber is equal to 248 mm. The antenna consists of
a five-turn spiral coillouter diameter 10 cm, inductance 1.3
uH) of 3-mm (3-in.) copper tubing that is electrostatically
shielded from the plasma by a radially spoked brass foil,
similar to the screen described by Mahoretyal. [7]. The
center of the coil was powered with a frequency of 13.56
MHz and the outside winding was grounded. Between the
coil and Faraday shield, a 3-mm-thi¢g-in.) quartz plate 0L |
was mounted for electrical insulation. Since the coupling of Upi
the coil to the plasma is very sensitive to the positioning and
spacing between the coil and coupling window, the coil was 20 —/————
pressed against the quartz plate and fixed in place by a slot- -70 -60 -50 -40 -30 -20 10 0 10 20 30
ted five-arm holder that was mounted on the top of the cell. Uy (V)
For all measurements the plasma chamber and the stainless-
steel Iowe_r electrode were grounded. The Cha_mber WaS r|G. 1. Second derivative of a current voltage probe character-
pumped with a turbo pump backed by a mechanical pumpigtic in an argon ICP [§=2.66 Pa,P =53 W).
giving a base pressure of abouk40 ® Pa. During dis-
charge operation the gas flow was kept constant by using a . ) i
mass flow controller at 3.7:mol/s [5.0 sccm(where sccm ~ Was mternall_y cqoled with chilled water and the whole
denotes cubic centimeter per minute at $[Té the input for ~ Matchbox-coil unit was cooled by a fan.
all gases, except the heavier rare gases xenon and krypton,
which were operated at a flow rate of Jufnol/s (2.0 sccn. B. Langmuir probe setup and data evaluation
In contrast to the capacitively coupled GEC Reference Cell, | is well known from capacitive rf discharges that a
gas is fed into the plasma chan;b_er not via holes in ong ngmuir probe has to be compensated for the rf fluctuations
electrode but via one of the 7-c(@;-in.) radial flanges. of the plasma potential to deliver reliable restiltg,18. The

The coil voltage was measured by a capacitive voltaggasma potential and also the voltage drop in the probe
probe, calibratedwithout plasma with reference to a com-  gnace_charge sheath are modulated in this type of discharge
mercial resistive voltage prob@hillips PM 8931/09. The  \yith amplitudes of typically tens of volts. rf probe currents
coil current was monitored on the grounded lead of the coibre ygyally suppressed by resonant blocking inductors and an
by an inductive coupled current probe, also calibrated withyqgitional metallic cylinder, which is connected capacitively
reference to a commercial prolfPearson model 2877A (4 the probe in front of the inductors in order to reduce the
matching network consisting of two air-dielectric variable capacitive impedance between the probe tip and the plasma

capacitors, directly connected to the coil to minimize resis{17) This is also the case for some commercial Langmuir
tive losses, was utilizefi16]. The capacitors were adjusted rohes, e.g., the one we usgédiden ESP Mark 2

for minimum reflected power for each plasma condition by 1ne rf plasma potential fluctuations in ICPs are much
means of a rf watt meter. The reflected powgy was al-  ower than in capacitive rf discharges. This reduces the ef-
ways less than 5% of the input power. As mentioned aboveyoris necessary for compensation of the probe. With a wire
fche data are presented.as _functlons of th_e power d|$$|pate|zgop probe 19,20 we measured rfzero-to-peakamplitudes
into the plasmaP;s, which is the total incident powePi,  of |ess tha 1 V at13.56 MHz for most operating conditions.
minus reflected powePy; (both determined by the power The amplitudes of the higher harmonics were negligitses
mete) minus resistive l0sseyRerr, WhereRer is the re-  than 0.2 \J. The rf amplitudes decreased slightly with input
sistance of the coil and surrounding hardware &ggl the  power and increased with lower pressure.
effective rf current Pyis= Pin— Prei— | 5iRef) . Rert Was de- Whether the compensation of the rf voltage drop at the
termined from the absorbed input powBry,, (Pn=Pin  space-charge sheath is sufficient can easily be determined
—PreﬂzlgonReﬁ) with no plasma present. The no-plasmafrom the second derivative of the probe characterig2it]
condition was obtained by powering the system under high”(U,), whereU, is the applied voltage to the probe. Ide-
vacuum. This method slightly overestimates the acRg  ally, when the probe potential is varied around the plasma
with plasma in the cell since the plasma shields eddy curpotentiall”(Uy,) should have a single maximum and a single
rents induced in the walls and lower electrode. On the otheminimum close to each other, i.e., not more thgnapart.
hand, an increase dRy can be expected with increasing This characteristic was fulfilled for nearly all second deriva-
temperature of the coil and the surrounding hardware, stives of probe measurements in the inductive discharge mode
there is some compensation. in the ICP sourcdsee Fig. L

As previously described by Millegt al.[16], the resistive The thin wire probe tipgradius 75um) were made of
losses are due in part to currents induced in the stainless-staehgsten or nickel. The original tip length of 10 mm was
cylinder that surrounded the cdivhich becomes hot during shortened to 4.3 mm to prevent the probe tip from glowing
discharge operation Therefore, we put a copper sleeve red at high plasma densities and high positive probe volt-
(length 352 mm, height 102 mm, thickness 0.635 )nfre-  ages. The probe support close to the tip is a ceramic tube 1
tween the coil and the surrounding cylinder, which resultednm in diameter, which is small compare to the electron
in a reduction ofRys from 1.2 () to 0.75Q. To prevent mean free patliwhich is of the order of several centimeters
overheating of the coil and surrounding hardware, the coiht the investigated pressure rapder all investigated pres-
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sures. Therefore, the collisionless-sheath Langmuir probeheree andm, are the charge and mass of an electron and
theory can be applief22]. A single |-V characteristic with A, is the probe surface area. Because in low-pressure glow
400 data points was taken in 6 s, averaging over each datlischarges the EEDF is generally non-Maxwellian, the
point for 15 ms. Between scans the probe was cleaned b¥Druyvesteyn procedure’{Egs. (2)—(4)] is a more reliable
plasma ion bombardment by biasing it+d.00 V. Using this  method for probe data analysis than the classical Langmuir
technique, we obtained reproducibile/ characteristics that procedurg25]. The positive-ion densiti;f was calculated

did not show time-dependent hysteresis effects. The probgom the ion saturation currenf,(U) by fitting a power law
assembly was attached to a manually operatetz ma-  to the probe current

nipulator that was mounted to one of the 7-¢23-in.) side

flanges of the cell chamber. The manipulator had a 10.5-cm e3T u\?”

translation range in the horizontal directiomhich is parallel li(U)= Nf{mApr f1-+], (5)
to the surface of the quartz vacuum interfaaad a 2.54-cm Mion Te

(1-in.) range in the vertical direction, perpendicular to the ) . - .
probe axis. where m,,, is the ion mass and . the so-called screening

Since the(electron current ofl-V scans in ICPs can be temperature[25,26]. In the orbital-motion-limited theory
several tens of milliamps or larger, the dc series resistande?2] the exponent has a fixed value of 0.5, bepAcan also
R of the probe system has to be taken into account. Th&alculate a least-squares fit for a variahléo the measured

voltage at the probe tify,, is determined by data(modified orbital motion limited theoby _
The method of the second derivative can lead to incorrect
Up=V—RI(V), (1)  results when there are negative ions in the plasma, e.g., as in

oxygen discharges. For an estimate of the contribution of the
whergy and | are _the output_voltage and cur_rent of the negative ions to the total current, we use the classical Lang-
acquisition electronics, respectively. We determifetb be  muir procedureg[22], which calculates the electron density

10 Q. U, is then determined by Eql). from the current . at the plasma potential
To analyze the probe data, a program caked, written
by Petig[23], was used. This program has algorithms for [ Te
smoothing the original data by digital filtering and calculat- le(Upi) =eNeAy, Tme (6)

ing first and second derivativas(Uy,) and1”(Uy,). After

substitution of Uy, for V, the voltage increment was no |t should be mentioned that E¢6) assumes a Maxwellian
longer a constant. SincerA requires constant increments, EEDF with T, as the electron temperature. A similar formula
new voltage points were recalculated by means of numericalan be obtained for the current of the negative igps The

interpolation. The plasma potentidl, was calculated from  ratio between the negative-ion current and the electron cur-
the zero crossing of the second derivative of the currentrent at the plasma potential is then given by

voltage characteristib(U ) (see Fig. 1 In most cases this

value was identical to the mean value of the voltages of the lon Nion( TionMe 12
first maximum and minimum. Druyvesteyn has shown a re- T~ N\ T : (7)
lation between the EEDF(U) and the second derivative of © e roenon
the current voltage characteris{i24] whereN,,, and T, are the density and temperature of the
ﬁ 621/ U2 nggative io_ns, respectively. Implications of EJ) will be
F(U)= ( ) ?) discussed in Sec. Il B.
0 ' The combination of probe hardware and data analysis
J - U(d?/du?)du software(with digital filtering) resulted in calculated EEDFs

with a dynamic range of two to three orders of magnitude.

where U=U,—U,. The effective electron temperature We.fo.und the following standard uncertainties(given.by
T« (corresponding to a mean electron enetgy has been s?atlstmal error_)sof the plasma parameters when running the
calculated by integrating over the EEDF according to _dlscharge at different times under the same condlt(ml
input power, pressure, and gas flow jatglasma potential,
, , [° relative standard uncertainty less than 4%; effective electron
Ter=5(e)= §ef U F(U)du temperature, relative standard uncertainty less than 5%; and
o electron density, relative standard uncertainty less than 14%.
, (O S ) Taking into account the uncertainty of the probe surface area
§ef (—U)“«d“1/dU”)dU (with a systematic error of 6¥the total relative standard
- - i (3)  uncertainty of the electron density amounts to 20%.

LO (—U)Y3(d?1/du?)du

IIl. EXPERIMENTAL RESULTS

The electron densiti, is likewise calculated from the sec- A. Electrical characteristics of the discharge

ond derivative by Initial experiments were performed with no electrostatic
shield between the coil and the plasma. Similar to Miller's

2
N.= 8m, 1 o /__Ud_ldu 4 observations, we also found a visible coating of the lower
e 3 zdU, (4) ) , ,
e Apr) = du electrode after running the discharge for several hours in the
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FIG. 3. Power deposited into the plasma in the inductive mode
FIG. 2. Peak-to-peak coil voltage and current in the inductiveas a function of the total incident power for the different gases at
mode for various gases pt=2.66 Pa. p=2.66 Pa.

inductive mode[16]. Emission spectra of pure argon dis- yiyate increased with increasing ionization poterfial xe-

charges also showeq Si, O Fe, and Ni atomic transitions_ Wﬁon (Ei=12.1 eV has the lowest voltage and current values,
assume that these impurities are due to sputtering near tl? llowed by krypton €;=14.0 e\ and argor(15.8 eV} [see
upper quartz vacuum interface and the lower stainless-ste igs. 2a) and Zb)]. Ccl)nsistent with the jump in the ioniza-
electrode. To reduce the sputtering we installed the electroﬁon potential, the coil voltages for nedrE; =21.6 eV} dis-

L | .

static shield. However, with t_he. Sh'.eld mstglled, the .Q's'charges are significantly higher than the heavier rare gases.
charge would no longer self-ignite in the dim, Capac't'v.eBoth the coil voltage and current increase with decreasing
Sas pressure for all rare gases. The plasma power coupling
efficiency n (=Pyis/Piy) is nearly 65% for the heavier rare
Sgases, but drops down to 30% near the threshold for the
‘inductive mode operatiofsee Figs. 3 and)4

To prevent arcing through the quartz plate and due to the

discharges. The total incident powe§, needed to ignite and

maintain an inductive discharge varied strongly with the ga
type: xenon ignited at approximately 30 W, argon at 60 W
neon at 130 W, and nitrogen ignited at 320 W. After ignition,

':jhe EO" power C?h"d be_ red_uct?]d f’i'ij“tt.lo—ZO d%, X‘:{Ele thhqarge amount of heat developed inside the stainless-steel cyl-
Ischarge was Still running 1n the inductive mode. OUYNinder surrounding the coil, we did not investigate discharges

the coil was electrostatically screened, weak capacitive dis- ith total incident powersP,, of more than 350 W. The
charges were observed when the coil power was reducéﬁ‘p N o . .
below the threshold for inductive discharges, for example, in[roper power limit in rare-gas dischargesith higher elec

. n densities was due to the maximum Langmuir probe
nitrogen at powers below 230 W. We were not able to start %urrent(~70 mA). Above this current the probe tip glowed
discharge in pure oxygen. Therefore, we started with a

Ted or melted. Also, care had to be taken that the plasma
O,:Ar (1:1) mixture to initiate the discharge, afterward ’ P

. . electrons were not depleted in the vicinity of the probe at
slowly reducing the partial pressure of argon to zero. It wa

not possible to run pure helium or hydrogen discharges b&blgh probe currents.

using the same method; even at very high coil voltages
(peak-to-peak voltage¥,,~5 kV) and input power B,
>350 W), the discharge extinguished after switching off the Figure 5 shows the electron density on the discharge axis
argon gas flow. After installing the electrostatic screen, thg12 mm above the lower electrode and 41 mm below the
rate of sputtering in pure rare gases was noticeably reducethduction coi), as determined from Eq.7), for different
however, after running discharges in oxygen and nitrogen agases at 2.66 Pa. As can be seen from Fig. 6, the electron
high coil voltages for several tens of hours, deposition waslensities increase nearly linearly with plasma poRgg as
found again on the lower electrode, the quartz vacuum interwell as increasing with pressure. This behavior was observed
face, and the walls. for all rare gases. The maximum electron density that can be
The rf voltages and currentpeak-to-peak valugsn the  measured without destroyirigelting) the probe tip is about

inductive discharge mode for the different rare gases invessx 10t cm™3,

B. Plasma parameters on the discharge axis
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FIG. 4. Coupling efficiency in the inductive mode as a function

e - FIG. 5. Electron densities on the discharge axis as a function of
of the total incident power for the different gasesat 2.66 Pa.

the plasma power for different gasespat 2.66 Pa. The error bars

for neon and argon are representative for the uncertainty in the
We also observed that oxygen and nitrogen show a lineaglectron density measurements.

increase of electron density with plasma power, but no clear

dependence on pressure. The electron densities in oxygdar neon. The trends are the same as those reported in previ-

and nitrogen discharges are at least one order of magnitudris studies of argon ICH$§,16]. For all gases both of these

lower than pure argon discharges,, @ contrast to Sfand  plasma parameters are fairly independent of power, but they

Cl, is classified as a weak electronegative gas. The meatlecrease with increasing pressuysee Fig. 8 Again, the

electron energies in oxygen discharges are in an appropriate

range(between 4 and 9 eV, depending on gas pressiore

produce negative ions by dissociative attachment that has a 6

peak in the cross section at about 6.5[&7]. However, the

binding energy of the additional electron is only 1.4 eV and

—=— 066Pa

new measurements of the electron-impact detachment 5 A 1.0Pa
(e+ O =0+2e) cross sectioi28] indicate that the detach- - - ¥ 133Pa
ment rate for this reaction will be of the same order of mag- S / —O 2Pa
nitude. An additional destruction channel for @s the de- = 4t / —B— 266Pa
tachment reaction with neutral atoms (®0=0,+e¢) that ‘:C_o"

has a large rate coefficiefif9]. Therefore, O is rapidly T

depleted from the plasma by these processes. Even under the g 3k

assumption that the Odensity is equal to the electron den- 3

sity N., one obtains from Eq.7) that the negative-ion cur- 3

rent is less than 1% of the electron current at the plasma g ok

potential, using an estimated value of 0.1 eV g, in 3

correspondence with the experimental results fof #ins in ﬁ

planar ICPg13,30. Furthermore, we did not observe a sharp
peak of the second derivative just below the plasma poten-
tial, a feature that has been reported for probe measurements
of dc glow discharges in oxygefat higher pressures and
lower electron densitigsand in Ar:l, mixtures as a manifes-
tation of large negative-ion concentratiof31,32. There-
fore, we assume that a correction of the measured electron
density due to negative ions is not necessary.

Figure 7 shows the behavior of the plasma potential and FIG. 6. Electron densities of krypton discharges on the dis-
the effective electron temperature at different plasma powersharge axis as a function of the plasma power for various pressures.

o . .
0 10 20 30 40 50 60 70 80 90 100
Plasma Power (W)
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FIG. 7. (a) Effective electron temperature afig) plasma poten-

tial of neon discharges on the discharge axis as functions of the e (b)
plasma power for different pressures. 00 2 4 6 8 10 12
values for different rare gases are consistent; the lower the Pressure (Pa)

ionization potential of the gas, the lower the effective elec-

tron temperature and the plasma potential at a fixed pressure. FIG. 8. Average values af) the effective electron temperature
The effective electron temperature spans a range from 1.8 eand (b) the plasma potential on the discharge axis as functions of
(xenon at 2.66 Paup to 11 eV(neon at 2.0 Paand the the gas pressure for different gases.

plasma potential fnrm 8 V up to 45 V.Neon shows a rather . . . :
drastic increase in both parameters compared to the heavilP" n the travel length of the probe mampulat.or, It was not
rare gases xenon and krypton. The He:Ar mixtures has low ossible to perform a scan over the whole diameter of the

effective electron temperatures than neon, indicating that th wer electrod_e. Th_e electron den§|ty IS n_onur_nform over the
ionization kinetics are dominated by direct or stepwise argo lameter that is typical for an ambipolar diffusion dominated

ionization. Because the ionization potentigl of helium is p!asma. Th_e in<_juged electr_ic field in.a plfamar coupled ICP is
larger than theE; of the other rare gases, we expect a pured|rected primarily in the azimuthal directid®]. Due to the

helium discharge to have much higher electron energies th rvature of this field, the electrons experience a centr_ifug_al
the 96%:4% He:Ar mixture and those of neon. The increaseo c°: This forc_:e IS ba_lan_ced by a gentrlpetal force, which is
of the effective electron temperature with decreasing pres(_jue to the static electric field, resulting from _the space charge

$}1at develops when the electrons are moving outward. The

sure is caused by the lower rate of inelastic electron—heav dial ol tential distributiof Fig. ed)] f
particle collisions. This in turn influences the plasma poten-a lal plasma potential distributiofsee F1g. orms a

. : . tential well that traps most of the electrons. The resulting
tial because the rate of high-energy electrons escaping to tr%‘: . I . i
wall increases, a loss of negative charge that leads to a ape of the radial electron density distribut{éig. 9@] is

increase of the plasma potential. The plasma potential is a_lmilar to the shape of the radial plasma potential distribution

ways positive since both ions and electrons tend to diffus F'gl_'hg(d)l]' tential distributi h in Figdp
out of the plasma, but the electrons have much higher mo- € plasma potential distribution shown in igdpre-
sults in an average radial electric-field strength of 1.1 V/cm.

Slrgtg so a slight positive space charge develops in the VOIWe observed that this radial field strength increases with

When reducing the argon gas flow from 3umol/s (5 ?hectr;ahas!ng {oressl,utr_e. Ol"t\le'"' Batrnes, an?) Kd!lﬁ?] _fou(;]otlj th
sccm down to 0.75umol/s a nearly linear increase of the attnhe lon fransiational temperature can be explaned by the

electron density in the center of the discharge of about ZOW?n?rrk?y |c;fns tgaln Iln tius s';atlc radltal eIgctnc f|(teld.t ithin th
was observed, while the plasma potential decreases by about € efrective electron temperature Is constant within the

9%. The effective electron temperature remained unchangefx"f‘d'us of the md_ucthn coil~5 cm) and then decr_eases_ to-
wards the wall, i.e., it does not follow the local field distri-

. . bution. The reason for this behavior has already been pointed
C. Radially and axially resolved measurements out by Kortshagen, Pukropski, and Zeth¢®]. The EEDF
Figures 9a)—9(d) show the radial distribution of several (and therefore also the effective electron temperatisree-
plasma parameters in a krypton discharge. Due to the restritermined only by spatially averaged quantities, in particular
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> I fective electron temperature on the discharge axis as functions of
‘;3'5 i the distance from the lower electrode in an argon plasma at
—anl =1.33 Pa andP4=84 W.
3.0
25 i the measured electron density near the center of the dis-
ool charge if the orbital-motion-limiteOML) theory is used to
101234567 8 91011 calculate the ion density. As already discussed by Godyak,
207 - Piejak, and Alexandrovichl8] and other authors, the OML
7k llI.... (d) theory has many assumptions that are difficult to satisfy un-
[ . .. K
s - l.. der actual experimental conditions. One of these assumptions
< 14T L that can be easily verified is that the Debye lengghshould
> 1k '.- be large compared to the probe radi{i@$ xm). Due to the
- l. higher electron density, this inequality is not fulfilled in the
81 S center of the discharge at the given plasma conditions. At
5 e larger radii the Debye lengtfsee Fig. ®)] increases and
101234548678 9 1011 therefore quasineutrality is almost fulfilled. At larger radii

Radial Position (cm) Nion is 30—60 % higher thal., a value that seems to be
reasonable taking into account tit,, will be too large due
FIG. 9. (a) Electron and ion densitiesh) Debye lengths(c)  t© secondary electrons released by photons, metastable at-

effective electron temperature, afd) plasma potential as functions 0Ms, and ions on the probe surface, whilg will be too
of the distance from the discharge axis in a krypton discharge a$mall due to electron reflection and reemission from the
p=1.33 Pa andP =32 W. probe.

The shape of the radial distribution varies only slightly
by a spatially averaged field, because of the large mean fra&ith pressure or gas type, that is, within the investigated
path \ep Of the electrons at these relatively low pressurespressure range from 0.66 to 2.64 &a-20 mtorj. For ex-

As there are no nearby confining walls in the chamber, wemple, in argon, the half-width at half maximum of the elec-
assume, in agreement with Millet al. [16], that the de- tron density increases from 3.9 cm at 2.66 Pa to 5 cm at 0.66
crease of electron temperature at radii greater than the coita.
radius is caused by volumetric expansion. Figure 10 shows an axial scan, limited by the vertical
In a pure rare-gas low-pressure discharge, the relation beravel capacity of the manipulatg2.5 cn. In the axial di-
tween the electron N.) and positive-ion density Ni.) rection, the effective electron temperature is likewise nearly
should be near unity in the bulk plasma. As can be seen fromonstant, while the electron density and plasma potential in-
Fig. 9a), the measured positive-ion density is smaller thancrease towards the coil.
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10° b) FIG. 12. Electron energy probability functions as a function of
( ) the total energy for different distances from the discharge axis in a
krypton discharge gv=1.33 Pa andPys=42 W.
10" | wellian distributions in the elastic energy range only, that is,
the energy range within which inelastic electron atom colli-

N sions, such as excitation and ionization, are absent. At higher
W electron energies, the EEPFs are underpopulated compared
£ to a Maxwellian distribution due to excitation and ionization
‘g 10’2 T processes, but also due to the escape of high-energy electrons

to the wall. This depletion occurs for each rare gas some-
where between the excitation threshold and the ionization
energy. Similar results have been reported by Godyak, Pie-
. jak, and AlexandrovicH33] in argon inductive discharges.
Model calculationg34] have shown that the relatively large
degree of ionization in ICPE.0 # and greatérand therefore
the large energy transfer in Coulomb collisions result in the
104 ‘ . ‘ , ‘ , , Maxwellian EEDF in the elastic energy range. We believe
0 10 20 30 40 that the structures in the high-energy part of the EEPFs are
caused by noise and the influence of tpesitive) ion cur-
rent. The EEDFs in nitrogen and oxygen discharges are non-

Maxwellian for the entire energy randsee Fig. 11b)].
FIG. 11. Electron energy probability functions, normalized to when fitting the general distribution

their maximum value for@) the rare gases an@) oxygen and

nitrogen atp=2.66 Pa. eU
F(U)~a ex;{ —(—)
D. Electron energy distribution and probability functions Eo

1073

Energy (eV)

¢
©

The electron energy probability functiofBEPF$, desig-
nated byf(U), in the center region of the discharge are
presented in Fig. 11. The EEDF, designated ), is
related to the EEPF by

to the second derivatives, whese E,, and¢ are fit factors

(a Maxwellian is a special case of this distribution with 1

andEy=kT,), exponential factorg between 1.2 and 1.6 are

obtained for oxygen, with a trend towards a Maxwellian dis-
f(U)=F(U)(—U)~ 2 (8) tribution for lower pressures. Nitrogen, on the other hand,

shows the reverse trend; the exponents increase with decreas-

The advantage of the EEPF plot is that on a semilogarithmitng pressure to values of 1.4 pt=1.33 Pa and are nearly

scale, a Maxwellian distribution results in a straight line. TheMaxwellian atp=5 Pa.

EEPFs for the rare gases and the He:Ar mixture exhibit Max- Figure 12 shows a group of graphs of the measured EE-
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TABLE I. Comparison of plasma parameters measured by different groups in ICPs.

Argon Oxygen

0.66 Pa 1.33 Pa 2.66 Pa 0.66 Pa  1.33 Pa

Reference T, (eV) Te(€V) Vy(V) Ne (cm™3) Te(€Y) Vyu(V) Te(eV) Te(ev)

[4] 7.7 6.8
[33] 6.0 4.9 4.0

[7] 4.7 17.9 3.9 16.7

[14] 2.8 2.4 2.0

[6] 4.9 4.0 3.0

[16] 4.2 20.1 4.x 10t

This work 55 4.4 20.9 28101 3.6 17.3 9.3 6.8

PFs as a function of the total energy of the electrons folacter of the EEDF above the energy range for elastic
different radial positions within the plasma. Because thecollisions. In this high-energy region the slope of the EEPF
plasma potential is decreasing towards the wall, the potentias steeper than at low energigse Fig. 11a) and Ref[33]],
energy of electrons compared to the discharge cdetgral  which is equivalent to a lower temperature of the high-
to the zero of the potential enerngig increasing when mov- energy electrons. Thompson scattering, however, is more
ing outward. In Flg 12 the Ze-rOS of the kinetic energies Ofsensitive to the high_energy electrons. Hetial. [14] have

the EEPFs are shifted according to the measured shift of thggculated their electron temperatures from a semilogarith-
plasma potential relative to the center, i.e., according to the,;. plot of the detected signal va\j)2, where A\ is the

value of the potential energy the electrons gain when theyjitrarence in wavelengths between the laser wavele(Gaa
move outward. Since the high-energy parts of all EEPFs cor-

. L2 . .-='nm) and the scattered wavelength. Most of their data points
respor}d Wlt_h each other _vv_lthln the experlmen'gal error, this IS e in the interval §\)2=5-25 nn?, which corresponds to
a confirmation of the validity of the nonlocal field approach electron enerdies between 8 and 35 eV. Thus these measure-
[8,35]. The nonlocal field approach specifies that for the for- 9 . T

mation of the EEDF for pressures typical of IC@sPa and ments correspond to the higher-energy region of the EEDF.
below) only the spatially averaged rf electric field is respon-

sible rather than the local electric-field strength. For ex- IV. CONCLUSION

ample, on the discharge axis, the magnitude of the induced |, this paper an ICP using a GEC RF Reference Cell

electric field is very small11]. Nevertheless, the mean elec- chamber has been characterized for a broad range of dis-

terf?gcfsnergy is typically several eV due to nonlocal heatlr]gcharge parameters with a Langmuir probe. The plasma pa-

rameters in an ICP using several different gases were inves-
tigated and compared. In order to provide a better set of
E. Comparison with other results defined plasma parameters, we present our results as a func-

Table | compares the results from other groups using Iola'gon of the power dissipated into the plasifgs. Our results

nar ICPs with this work. As the effective electron tempera-T2Y therefore be useful as reference data for other planar
ture and the plasma potential are essentially a function of th-PS, especially for planar ICPs using the GEC RF Refer-
total gas pressure only, these parameters should be comg@c€ Cell chamber. _ o
rable. The electron densities, however, depend on the indi- We observed that the input power needed to maintain an
vidual reactor geometry and power dissipated into thénducuve d|SCharge varies drast|ca.||y W|th the Work|ng gaS.
plasma, hence only a comparison with the results of MillerThe measured electron densities of the molecular gagses O
et al.[16] can be made. While the plasma potential and elecand N, were at least one order of magnitude below those of
tron temperature are in good agreement, our measured elegrgon. On the other hand, the electron densities of krypton
tron densities are 35% lower than the densities of Millerand xenon discharges are significantly higher than argon dis-
et al. at the same plasma power and pressure. A possibleharges at the same plasma power. So it may be advanta-
reason for the lower electron density could be the electrogeous to replace argon by krypton or xenon in certain plasma
static shield used in our setup, which increases the distanqeocessing applications. Helium and neon, however, are not
between the coil and the plasma, hence reducing the cowvell suited to generate the desirable plasma densities in the
pling efficiency. On the other hand, there is good agreementange of 16'-10? cm™3,

in the electron temperatures that were obtained from Lang- The underpopulation of the high-energy tail of the EEDF
muir probes. The electron temperatures measured by Hovie found for all rare gases and the non-Maxwellian EEDFs
et al.[14] from Thompson scattering are lower than all mea-of nitrogen and oxygen for the entire energy range are im-
surements done with Langmuir probes. A possible explangportant for model calculations. An extrapolation of the EEDF
tion for this discrepancy could be the non-Maxwellian char-from the elastic energy range into the inelastic energy range
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